Unstructured peptides, or linear motifs, present a poorly understood molecular 16 language within the context of cellular signaling. These modular regions are often short, 17 unstructured and interact weakly and transiently with folded target proteins. Thus, they are 18 difficult to study with conventional structural biology methods. We present Ligand-Footprinting 19
Introduction 28
Short linear interaction motifs (SLiMs) are short, unstructured peptides in a protein 29 which often mediate transient interactions with structured protein domains and function to 30 fine-tune cellular process such as transcription and signaling. It is estimated there may be 31 close to a million unique linear motifs in the human proteome 1 , many of which are 32 hypothesized to be underrepresented in connections to disease 2 . Linear motifs interact with 33 binding surfaces through divergent and difficult to predict interaction conformations and 34 represent a hidden and poorly understood molecular language distinct from that of folded 35 domain-domain interactions. Notably, while SLiM binding interactions in SH2 domains 3, 4 and 36 MAP kinase (MAPK) D-sites 5, 6 are well studied, many hundreds of SLiM peptide families 37 remain poorly understood. Furthermore, structural studies often rely on time-consuming 38 techniques such as X-ray crystallography and NMR which cannot easily account for the 39 intrinsic disorder often present in linear motif-binding domain interactions 5, 7 . 40
Here, we present Ligand-Footprinting Mass Spectrometry (LiF-MS), a novel method for 41 mapping both the binding footprint and structural dynamics of disordered peptide motifs within 42 a folded binding pocket. While broadly applicable to the general study of intrinsically 43 disordered protein-protein interactions, we demonstrate the power of LiF-MS by mapping the 44 docking site and binding dynamics of the MKK4 docking motif, or D-motif, onto the human 45 MAP kinases JNK1, ERK2, and p38α. The MKK4 D-motif is unusually non-specific in its 46 binding and is the only known D-motif to bind the structurally divergent clefts of the JNK and 47 6
LiF-MS reveals MKK4's docking site on JNK1 and p38α 128
We next mapped the interaction site of MKK4tide on purified JNK1 using peptide I (Fig.  129 2a) and the LiF-MS workflow described in Fig. 1b . The resulting MS/MS data was analyzed to 130 identify human proteins containing the 72-dalton butanol "mark" using COMET 17, 18 . This 131 revealed a set of Peptide Spectral Matches (PSMs) matching JNK1, a subset of which are 132
shown as an example in Fig. 3a . We scored this data, removing low-scoring butanol sites 133 (Supplementary Figure 1 , see methods for detail). Since a structure of JNK1 complexed with 134 MKK4 is not available, we mapped the location of each butanol-marked residue onto the 135 published JNK1-NFAT4 structure (PDB 2XS0) 5 , comparing the location of the marked 136 residues to the NFAT4 binding site (Supplementary Figure 2) . While peptides both proximal to 137 and distal from the docking site were discovered, the highest-scoring peptides mapped to the 138 negatively charged common docking (CD) groove close to the putative N-terminus of MKK4 139 ( Fig. 3b-c ; MKK4 N-terminus, yellow; marked residue sidechains, red). Notably, we also 140 observed high-scoring peptides in a loop distinct from the CD groove, although still potentially 141 within range of an interaction with the flexible N-terminus of the peptide (Fig. 3d) . We 142 hypothesize this loop may be mobile in solution and could be a second part of the binding site 143 that contacts the peptide. Together these data demonstrate the capabilities of LiF-MS to both 144 probe the binding location and motion of linear motifs. 145
We then tested footprinting of MKK4tide on a related kinase, p38α, comparing it to 146 JNK1 ( Fig. 4a-b) . Previous studies suggest MKK4 binds to the divergent kinases JNK1 and 147 p38α/ERK2 docking sites though distinct conformations 5 . In fact, MKK4 is predicted to bind in 148 a similar manner to members of the MKK6 family in complex with p38α 6 . Therefore, we 149 overlaid our footprinting data from peptide I onto the p38α-MKK6 structure (PDB: 5ETF) 19 
150
( Fig. 4b) . Similar to JNK1, we find the majority of marked residues to be proximal to the 151 predicted binding site (Figure 4b ). Interestingly, footprinting in this region suggests the7 MKK4tide "loops around" towards its C-terminus (Fig. 4b, cartoons) which is consistent with 153 the predicted structure of p38α interacting peptides in the MKK6 family 6 . We found peptide I 154 labeled a different region on p38α compared to JNK1, consistent with evidence that MKK4 155 binds in a different binding mode to JNK1 and p38a 5 (compare Fig 4a and b) . 156
Interestingly, we also found a region in p38α absent from the crystal structure that was 157 marked by peptide I. Residues which extend above p38α's docking site are labeled in our 158 dataset (Supplementary Figure 3) . Despite its distance from the docking site in the structure, 159
we believe this strand is more flexible in solution and may form a disordered "lid" over bound 160 D-motifs. Thus, we suggest LiF-MS can detect disordered interaction regions of binding sites 161 not sufficiently ordered to be observed in a crystal structure. Overall, we show LiF-MS can be 162 used to both form new structural hypothesis and confirm existing ones, especially in cases 163 where other data is not available or not easy to obtain. 164
165
Crosslinker placement can provide additional footprinting information 166
As linear motifs have much smaller binding surfaces than folded domains, peptide-167 protein interactions are much more prone to disruption by even small changes including point 168 mutations, modified amino acids, and crosslinker placement 20 . To determine the effect of 169 peptide length and crosslinker placement on our footprinting data, we synthesized MKK4 170 peptide II (Fig. 2a) in which the core D-motif-crosslinker distance was shortened by one 171 amino acid. This peptide successfully crosslinked to all three kinases studied (Fig. 2b,c) . 172
We then mapped the binding of peptide II onto JNK1 and p38α (Fig. 4c,d ), comparing 173 the results with peptide I (Fig. 4a,b) . We then plotted both datasets by sorting butanol sites in 174 order of decreasing score (Fig. 4e) . We found the shorter MKK4tide resulted in a slight 175 increase in the amount of crosslinked-residues that map outside of the predicted binding site 176 additional binding site information, though a slight increase in non-specific crosslinking was 183 observed (Fig. 4e) . 184
In conclusion, we find variation of the MKK4tide length and crosslinker placement 185 affects footprinting data in kinase-specific ways. While shortening the peptide revealed a 186 binding region on JNK1 not seen for the longer peptide (Compare Fig. 4a ), the same 187 experiment with p38α only created a noisier dataset (Fig. 4e) . Thus, it is important for the user 188 of this technology to vary peptide length and/or crosslinker placement in order to achieve 189 optimal data. 190
191

LiF-MS reveals MKK4 binds bi-directionally to ERK2 192
The MAP kinase ERK2, despite not being a known physiological target of MKK4, has 193 been show to bind the MKK4 D-motif at its conserved docking site 5, 8, 16 . We found this 194 intriguing, since ERK2 is not a physiological target of MKK4. Therefore, sought to footprint the 195 binding of peptides I and II to ERK2's docking site using LiF-MS. Peptide I yielded marked 196 regions similar to both JNK1 and p38α, marking residues near ERK2's docking site as 197 expected (Fig. 5a, compare with Fig. 4) . Surprisingly, we found that a region on the kinase 198 located on the opposite end of the D-site was also marked extensively (Fig 5a,b, " reverse 199 site", compare purple and red dots on cartoons, bottom, also see Supplementary Figure 4) . 200
The reverse site was also marked by the shorter peptide II (Fig. 5b) Figure 4, see cartoon) . This region was scored highly, distributed throughout 203 the dataset, and found in both peptide I and II experiments (Fig. 5c , compare red and purple). 204
As relatively high concentrations of MKK4 D-motif and ERK2 were used in this 205 experiment relative to the interaction affinity, we hypothesized that the marked reverse site 206 regions would be a result of non-specific interactions saturating the ERK2 docking site. We 207 performed LiF-MS with purified ERK2 and increasing concentrations of peptide I (Fig. 5d) . 208
Again, marked residues on both the predicted and the reverse sites were observed at all 209 concentrations, though forward-binding regions had slightly higher scores at lower 210 concentrations (Fig. 5d) . 211
Overall, these ERK2 experiments establish LiF-MS as a platform to study the effects of 212 varying parameters such as peptide length and concentration on a potentially difficult to study 213 peptide-protein interaction. While our data suggests that MKK4 may be binding to the ERK2 214 docking site bi-directionally, additional work is needed to understand the biochemical 215 relevance of this observation. 216 217
Footprinting data assists in molecular docking 218
We hypothesized that butanol sites discovered by LiF-MS can reduce the 219 computational search space when used as an anchoring point during molecular docking (Fig.  220   6a) . We tested this using the docking program CABS-dock 21 , constraining a modified 221
MKK4tide peptide I sequence to all identified butanol sites in the JNK1 D-site (Fig. 6a) to a  222 non-peptide-bound JNK1 structure 21, 22 . We scored backbone-only RMSDs of resulting 223 structures against a modeled JNK1-MKK4 D-motif structure which uses NFAT4 as a structural 224 template. Each CABS-dock run generates 10 top-ranked peptide structures from the initial set 225 based on k-medoid clustering, and we took the best structure out of three separate runs as 226 described previously 21 . 227
We find that constraining MKK4 to known butanol sites produces consistently higher 228 quality models than using unconstrained sequences alone in the top 10 models (Fig. 6b) . We 229 note that in all cases, the lowest backbone-RMSD found in the top 10 from butanol-230 constrained simulations was higher quality than the unconstrained control. Out of the 20 231 marked D-site residues used as constraints, five produced top model sets with an RMSD of ≤ 232 5.5Å, sufficient for near-native modeling by applications such as PepFlexDock 23 . Intriguingly, 233
repeating this technique using a JNK1 structure in a D-motif bound conformation (PDB: 234 2XS0) gave lower model quality in our hands (Supplementary Figure 5a,b) . We further found 235 that anchoring the peptide to JNK1 residues 128, 131, and 325 gave the best models when 236 compared with the reference control (Fig. 6c) . 237
When analyzing the full trajectories (all 10,000 models per replicate, 30,000 models 238 total per butanol site), gains in RMSD were also observed when compared with the 239 unconstrained control. Importantly, constraining MKK4tide to several butanol sites in both 240 bound and unbound JNK1 structures produced models with RMSD < 3Å considered to be 241 "high" quality by the CABS-dock scoring prediction 21 , where controls were ≥ 3Å 242 (Supplementary Figure 5c) . The improvement in model quality with constrained peptides is 243 noteworthy given that D-motifs in general are difficult to dock using CABS-dock, as was found 244 in the case of the Ste7 D-motif to Fus3 24 . 245
246
Discussion 247
Chemical crosslinking has been used extensively to probe the makeup and detailed 248 structure of protein complexes 25 . Traditionally, structural data has been derived by 249 crosslinking purified protein complexes with relatively non-specific crosslinkers such as 250 disuccinimidyl suberate (DSS) or 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide 251 hydrochloride (EDC), which link residues such as lysine and glutamate. Furthermore, most 252 work has tried to elucidate the structure of folded protein-protein interactions, rather than map 253 intrinsically disordered proteins. Notably, the structure of the intrinsically disordered "guardian 254 of the genome," p53, was probed using traditional homobifunctional crosslinkers 26, 27 . Probing 255 these unstructured interactions is considered one of the future targets of structural Mass 256 Spectrometry 28 . 257
Here, we introduce LiF-MS, a novel method for footprinting the binding interface 258 between disordered peptides and protein domains. This technique offers unique advantages 259 and is a novel addition to current chemical crosslinking-mass spectrometry (XL-MS) methods. 260
First, the sequence simplicity of SLiMs, which form synthetic bait peptides ~10-15aa, 261 allows crosslinker attachment through an endogenously introduced cysteine. This permits the 262 synthesis yield and efficiency of a chemical crosslinker while maintaining the site-specificity of 263 a genetically encoded crosslinker. This greatly simplifies synthesis of the bait SLiMs, 264 permitting production of the high concentrations necessary to map weak, transient 265
interactions. 266
Second, the crosslinker's acid cleavability permits a straightforward enrichment and 267 elution strategy which concentrates crosslinked material after trypsiniziation. Only a small 268 fraction of peptide actually covalently bonds to the folded protein due to the inefficiency of the 269 diazirine warhead; as biotinylated SLiMs can be used to isolate crosslinked peptides from a 270 large pool of trypsinized material, this signal can be easily amplified. We believe this is crucial 271 for mapping these type of interactions, which are weak, transient, and mobile. 272
Concurrent to this work, a cleavable, photoactivatable diazirine-based crosslinker has 273 been used to map the conformational changes of the acid chaperone HdeA 29 . Cleavage of 274 this crosslinker with hydrogen peroxide leaves a residual mark which can be modified with 275 dyes or other functional groups 30, 31 . Mapping protein-protein interactions with this reagent 276 has been utilized successfully. While the butanol group produced in LiF-MS cannot be 277 modified, we believe the ease of synthesis of large amounts of prey peptide through cysteine 278 alkylation (Fig. 1a) rather than codon suppression gives LiF-MS an advantage when 279 specifically mapping transient interactions in a purified context. 280
Furthermore, LiF-MS can provide crucial and complementary information to currently 281 utilized structural techniques. In particular, the site-specific footprinting maps produced by 282
LiF-MS may be combined with NMR data to produce a more accurate picture of how an 283 unstructured region contacts a folded domain. Also, elements not visible in X-ray crystal 284 structures can be detected with LiF-MS as in the case of the MKK4tide-p38α interaction 285 (Supplementary Figure 3) . LiF-MS may further be used in tandem with H/D exchange or other 286 footprinting techniques to verify the broad location of a disordered interaction, as both 287 methods can probe the effect of conformational dynamics on protein-protein binding sites. 288
Additionally, an entire binding site could be mapped through systematic placement of the 289 reactive cysteine along the length of the peptide. 290
As LiF-MS detects the motion of a single labeled "point" on the peptide studied, it can 291 uniquely determine the binding conformation and directionality of a disordered peptide within 292 a protein domain. We demonstrate MKK4 binds JNK1 and p38α in divergent conformations 293 as predicted previously, confirming a previous structural hypothesis 5, 6 . Interestingly, a majority 294 of MKK6's basic N-terminus is invisible in the p38α-MKK6 crystal structure, suggesting 295 intrinsic disorder which may be similar for the MKK4 interaction 19 . 296 MKK4's seemingly bi-directional interaction with ERK2 is particularly curious. The 297 ERK2 D-site may be unusually promiscuous and bind peptides regardless of sequence, 298 though ERK2 contains other docking sites for motifs such as FXFP and a catalytic cleft which 299
were not labeled significantly; we therefore believe this is unlikely. Regardless, this type of 300 directionality data would be difficult to obtain using other biophysical methods and may offer 301 unique insights into the structure of peptide-protein complexes. 302
13
We demonstrate here a novel method for probing the footprint of an unstructured 303 peptide on a folded target protein using mass spectrometry. This technique provides amino-304 acid level interaction data and can be used to elucidate peptide dynamics within a folded 305 domain. In summary, LiF-MS complements other in vitro XL-MS technologies and offers a 306 robust method for studying the interactions of IDPs. 307 308
Methods 309
Cloning MAP kinases 310 JNK1 β-1 isoform lacking 20 amino acids from the C-terminus (JNK1 ΔC20), ERK2, and p38α 311 α-isoform were cloned into pBH4 as described. All constructs were transformed into BL21 312 
Purification of ERK2 and p38α kinases 328
Cells suspended in lysis buffer (50mM Tris, 150mM NaCl, 10% Glycerol, pH 8.0) were 329 incubated with 1mg/mL lysozyme at 4°C and lysed with 0.1% (w/v) sodium deoxycholate. 330
Nucleic acid was precipitated with 0.1% (w/v) branched polyethyleneimine (Sigma). 331
Supernatant was incubated with Ni-NTA agarose. Resin was washed with 10CV lysis buffer, 332 10CV lysis buffer + 20mM imidazole, and eluted with lysis buffer + 100mM imidazole. 333
Resulting protein was cleaved with TEV protease and dialyzed into dialysis buffer (50mM 334
Tris, 150mM NaCl, 10% Glycerol, 2mM DTT). Protein was further purified with subtractive 335 purification using Ni-NTA agarose. Fractions were diluted in 100% glycerol to a final 336 concentration of 55%, flash frozen in liquid nitrogen, and stored at -80°C. 337 338
Synthesis of D-motifs 339
The MKK4 base D-motif with sequence QGKRKALKLNFAN was used as described 5, 8 . 340
Peptide wt (wild-type) was ordered with the sequence CQGKRKALKLNFANW. The shorter 341 peptide I was synthesized with sequence CGKRKALKLNFANW. Peptide II was synthesized 342 with sequence CKRKALKLNFANW. Peptides wt, I, and II were ordered from Genscript, 343 contained an N-terminal biotin, and were >85% pure. The C-terminal tryptophan was included 344 to permit spectroscopic concentration measurements. 345
346
Synthesis of crosslinker 347
Synthesis of the crosslinker was performed as described 11 . 348 349
Alkylation of peptides 350
Crosslinker is conjugated to peptide cysteines through an iodoacetamide moiety. Peptides 351 were dissolved in crosslinking buffer (CB; 50mM Tris pH 8.3, 150mM NaCl) and diluted into 352 
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